Introduction
Hemostasis laboratories can carry out large numbers of assays either to obtain accurate and comprehensive diagnoses of hemostatic abnormalities or to monitor antithrombotic treatment. Activated partial thromboplastin time (aPTT) and prothrombin time (PT) are the most prescribed routine tests.
The evaluation of a patient's history, symptoms and clinical signs are essential to assess their bleeding tendency and to determine which laboratory test to use. Moreover, in order to interpret laboratory test results, it is important to understand how the assays are performed and to be aware of their limitations.
A normal range (reference range) is defi ned as the interval into which 95 % of the values of a reference population fall; thus, 2.5 % of values are inferior to the lower limit, and 2.5 % are superior to the upper limit ( Fig. 2.1 ). Applied to hemostatic testing, this means, for example, that 2.5 % of healthy individuals have a prolonged aPTT (longer than the upper limit).
Importance of Sample Collection, Processing, and Storage
Blood collection must be as thorough as possible in order to obtain reliable results: samples should be obtained from a peripheral vein using an atraumatic puncture, away from any intravenous perfusion line. Tubes containing 3.2 % (0.109 M) sodium citrate are recommended as other anticoagulants may yield invalid results. These tubes must be carefully fi lled to predetermined levels in order to respect the blood-to-anticoagulant ratio and then gently inverted fi ve times to mix them together. The fi rst few milliliters of blood collected after the puncture should be discarded.
Coagulation Testing

Coagulation Cascade
The cell-based coagulation model focuses on the successive steps of thrombin generation. These are initiation, propagation, and a burst of thrombin generation that occurs in the close vicinity of cell membranes (i.e., platelets) that provide the phospholipids required for the coagulation reaction (see Chap. 1 ). Depending on how coagulation is initiated, the classic coagulation cascade describes two somewhat artifi cial activation pathways that lead to fi brin formation: the intrinsic and extrinsic pathways ( Fig. 2. 2 ). The two pathways link up to form a common pathway. This model relates closely to the in vitro coagulation assays usually performed to evaluate the coagulation potency of plasma: aPTT explores the intrinsic pathway, whereas PT explores the extrinsic pathway (Hoffman and Monroe 2005 ) .
Activated Partial Thromboplastin Time (aPTT)
Activated partial thromboplastin time is a clotting assay that measures the intrinsic pathway and is dependent on the concentrations of contact-phase factors (high-molecular-weight-kininogen (HMWK), prekallikrein (PK), factor XII), intrinsic factors VIII, IX, and XI, and on the common pathway factors (II, V, X, and fi brinogen). After blood centrifugation, calcium and a surface-activating agent are added to plasma. The time it takes to form a clot, expressed in seconds, is aPTT ( Fig. 2.3 ) . The normal range is specifi c to each laboratory and depends on the reagents and device used for the coagulation assay. Generally, aPTT is used as a screening test for a defi ciency of more than 50 % in factors VIII, IX, and XI, depending on the reagents used -it is less useful for the detection of defi ciencies of common factors. The sensitivity of the test depends on the activators used. The causes of shortened (Lippi et al. 2010 ) or prolonged aPTT (Olson 1999 ) are listed in 
Prothrombin Time (PT)
Prothrombin time, or Quick time, measures the extrinsic pathway. It assesses the function of factor VII and of the common factors II, V, and X, and fi brinogen. PT is the time it takes for a clot to form after having added calcium and thromboplastin to the plasma. Expressed in seconds, PT is very short in normal individuals (12-13 s). In some countries, PT is expressed as a percentage of the PT of control plasma. For monitoring the treatment of vitamin K antagonist (VKA), PT is standardized according to the characteristics of the thromboplastin and calibrators used and is expressed as an international normalized ratio (INR). An isolated prolonged PT may rarely refl ect an inherited factor VII defi ciency (1 in 500,000 of the general population). More commonly it refl ects a moderate defi ciency in vitamin K-dependent factors.
Prolonged PT, associated with prolonged aPTT, can be due to (Kamal et al. 2007 ):
• Defi ciencies in factors II, V, and X or fi brinogen • Presence of factor inhibitors 
Fibrinogen
Fibrinogen is the most abundant clotting protein in plasma (2-4 g/l). Fibrinogen abnormalities can be either qualitative (dysfi brinogenemia) or quantitative (total lack, afi brinogenemia, or partial defi ciency, hypofi brinogenemia). Fibrinogen measurement is usually performed using a functional qualitative method (von Clauss chronometric assay); when a high concentration of thrombin is added to diluted plasma, the clotting time is proportional to the level of clottable fi brinogen. Fibrinogen activity levels can also be estimated using a prothrombin time-based kinetic assay, which is a rapid, inexpensive, automated assay, although less specifi c of fi brinogen activity.
Immunoassays for fi brinogen antigen quantifi cation are also available, but are not used for screening tests. These immunological assays measure the protein concentration rather than the functional activity of fi brinogen.
Fibrinogen measurement is indicated in cases of apparent bleeding symptoms or in cases of suspicion of disseminated intravascular coagulation, hepatic insufficiency, or hyperfi brinolysis (Table 2. 2 ).
Specialized Testing
A combination of tests for PT and aPTT is usually the fi rst step of a coagulation assessment. Then, according to the results, further assays may be performed (Sié and Steib 2006 ) .
Mixing Studies
A mixing study mixes patient plasma with control plasma. It is able to distinguish between a prolonged clotting time due to a factor defi ciency and one due to an inhibitor. The control plasma contains the coagulation factors that could be defi cient in patient plasma. When the mixture corrects the clotting time, it is indicative of one or more factor defi ciencies. When the mixture fails to correct the clotting time, it is indicative of an inhibitor (specifi c factor inhibitor or lupus anticoagulant).
Clotting Factor Assays
Except for the measurement of factor XIII, specifi c factor assays are based on the ability of patient's diluted plasma to change the clotting time of specifi c factor-defi cient plasmas, measured by PT (for factors II, V, VII, and X) or by aPTT (for factors VIII, IX, XI, and XII). Clotting time is therefore directly proportional to the activity of the factor tested ( Fig. 2.4 ) . The result is usually expressed as a percentage of factor activity in control plasma but can also be expressed in IU/dl; one unit of activity being present in 1 ml of normal plasma with 100 % activity, 100 % corresponds to 100 IU/dl. The measurement of factor activity is an essential step in determining the etiology of a prolonged PT or aPTT.
Thrombin Time
Thrombin time is the clotting time of plasma in the presence of exogenous thrombin, expressed in seconds. This test looks solely at the conversion of fi brinogen to fi brin. Thrombin time is prolonged in cases of inherited or acquired dysfi brinogenemias or hypo-/afi brinogenemias or in the presence of thrombin inhibitors (heparin, hirudin, dabigatran, elevated levels of fi brin degradation products, some paraproteins, or thrombin antibodies).
The Reptilase Test
This test is equivalent to the thrombin time test, but is not sensitive to heparin. It measures the conversion of fi brinogen to fi brin by a thrombin-like enzyme (reptilase). Reptilase is not inhibited by heparin, hirudin, antithrombin antibodies, or antifi brinolytics. The test is used to exclude the presence of dysfi brinogenemia in cases with a prolonged aPTT. d -dimer levels are elevated in case of thromboembolism (pulmonary embolism, venous thrombosis, arterial thrombosis), malignancy, pregnancy, sepsis, cirrhosis, disseminated intravascular coagulation, and in the postoperative period.
d -dimer levels are widely used to rule out a venous thromboembolic event since a normal result has a high negative predictive value (95-98 %).
Thrombin Generation Test
The thrombin generation test measures the quantity of thrombin produced in response to a calibrated stimulus. It is performed on plasma, with or without platelets. The amount of thrombin refl ects the overall functioning of the hemostatic system (activators and inhibitors), without assessing fi brinolysis. The thrombin generation test has numerous drawbacks -including the lack of a standardized procedure -which restrict its use mainly to research programs.
Thrombophilia Testing
Laboratory testing can help understand recurrent thromboembolic venous or arterial diseases, due to inherited or acquired abnormalities of hemostasis. Thrombophilia can be linked to:
• Anticoagulant protein defi ciency: antithrombin, protein C, protein S • Genetic mutation of factor V (including the Leiden mutation), responsible for activated protein C resistance • Genetic mutation of factor II (mutation G20210A) • Presence of antiphospholipid antibodies (anticardiolipin, anti-β2GPI, lupus anticoagulant) Both functional and antigenic assays are available for antithrombin, protein C, and protein S.
Primary Hemostasis Testing
Primary hemostasis involves the vessel wall, endothelial cells, platelets, and some serine proteins (von Willebrand factor (vWF), thrombin, and fi brinogen). Many assays are available for platelet function testing; however, no laboratory test can explore vessel walls or endothelial cells. Platelet function assays are timeconsuming, diffi cult, and very sensitive to pre-analytical variables (drugs, food, platelet count, temperature, pH, fi brinogen level, quality of sample, storage, transport).
Platelet Count
Platelet count is measured using an automated counter, on blood drawn in EDTAanticoagulated samples. In cases of thrombocytopenia (<150 G/l), platelet clumps have to be considered; if clumps are identifi ed, platelet count should be assessed on blood collected in citrate-anticoagulated tubes.
The normal platelet count range for adults is 150-400 G/l. Platelet count, of course, does not evaluate their qualitative performance.
Bleeding Time
Bleeding time is supposed to provide an overall picture of primary hemostasis in vivo. It is determined mainly using the Ivy method (normal Ivy incision bleeding time <10 min). The Duke method (earlobe incision) is no longer used. Bleeding time is prolonged in cases of severe thrombocytopenia (platelets <50 G/l), thrombopathy, deep hypofi brinogenemia, afi brinogenemia, dysfi brinogenemia, von Willebrand disease (vWD), severe anemia (hematocrit <30 %), or treatment interfering with platelet function. However, a normal bleeding time does not exclude platelet dysfunction or vWD. The bleeding time procedure is delicate, requiring experienced operators, which partly explains why this method has fallen out of use.
Platelet Function Analyzer (PFA-100® and PFA-200®,
Siemens)
The platelet function analyzer is a Food and Drug Administration-approved device used to evaluate acquired or congenital platelet dysfunction and, most importantly, to screen for vWD. This device measures the time (closure time) required for platelets to plug an aperture in a membrane after platelet activation by collagen and epinephrine or by collagen and adenosine diphosphate. This closure time is sometimes referred as the "in vitro bleeding time" and is performed using whole blood (Harrison 2005 ) . Closure time is prolonged in cases of anemia or thrombocytopenia or following the intake of drugs that alter platelet function by inducing acquired thrombopathy.
Light Transmission Platelet Aggregometry
Platelet aggregation assays are indicated for the investigation of inherited or acquired qualitative platelet disorders (Dawood et al. 2012 ).
These tests are useful in patients suspected with disease of primary hemostasis (purpura, cutaneo-mucous bleeding) with a normal platelet count. After centrifugation, the platelet-rich plasma is incubated with various aggregation activators. Activators commonly used for exploring the different activation pathways of platelets are arachidonic acid, ADP, collagen, TRAP (thrombin receptor agonist peptide), epinephrine, and ristocetin. The modifi cation of light transmission due to platelet aggregation induced by the agonist is then studied. Platelet secretion may also be studied after platelet activation with several agonists. Light transmission platelet aggregometry is usually performed in qualifi ed laboratories.
Diagnosis of von Willebrand Disease
vWD is the most frequent inherited bleeding disorder. The diagnosis is based on bleeding symptoms associated with qualitative or quantitative defects of vWF. The patient's bleeding history, in particular, the family history, is of most importance for the diagnosis of vWD. A panel of assays are available (Favaloro 2009 ):
• vWF antigen measures the amount of vWF; plasma vWF levels vary with blood group; O blood group patients usually have lower vWF levels (up to 40 %) than individuals of other blood groups.
• Factor VIII coagulant activity measures the functional activity of factor VIII.
• vWF ristocetin cofactor activity and vWF collagen-binding activity measure the functional activity of vWF. Further assays are necessary for the diagnosis of subtypes: • Factor VIII binding assay measures the affi nity of vWF for factor VIII (useful in type 2 N vW disease).
• vWF multimer analysis shows how the vWF monomer is multimerized (joined into chains).
• Ristocetin-induced platelet agglutination measures the sensitivity of vWF to ristocetin (useful in type 2B vW disease).
Monitoring of Antithrombotic Treatment
Several tests are routinely available for assessing the action of anticoagulants such as heparins or vitamin K antagonist. New direct oral anticoagulants (specifi c inhibitors of thrombin or factor Xa) cannot be monitored using standard coagulation assays and require specifi c tests. If necessary with regard to antiplatelet therapy, a number of specialized assays are available to assess platelet inhibition, but their utility in clinical and routine practice remains to be determined.
Heparin Monitoring
Since the pharmacodynamic profi le of unfractionated heparin (UFH) is poorly predictable, monitoring its anticoagulant effect is essential. The pharmacodynamic profi le of low molecular weight heparins (LMWH) is more predictable, and monitoring should be considered only in selected cases (e.g., mild renal insuffi ciency or extremely high or low body weight).
Unfractionated Heparin (UFH)
aPTT is widely used for monitoring UFH. The target time range is two or three times longer than the basal aPTT value. It must be stressed that the aPTT clotting assay depends on several coagulation factors. Thus, in some instances, aPTT can under-or overestimate the degree of anticoagulation conferred by UFH. This may occur in the case of an important infl ammatory syndrome with a very short basal aPTT or in cases of factor defi ciency or lupus anticoagulant with longer basal aPTT, for example. In such situations, the use of a specifi c chromogenic assay that measures the activity of factor Xa provides a more reliable assessment of the anticoagulant effect. Anti-Xa activity measurement requires calibration: a standard curve is constructed using different plasma samples with different concentrations of heparin. After adding known quantities of factor Xa, any residual Xa activity is inversely proportional to the concentration of heparin in the sample. The result can be reported either in international units of heparin per ml (IU/ml) or in anti-Xa units per ml (anti-Xa U/ml).
Low Molecular Weight Heparin (LMWH)
LMWHs have a poor antithrombin effect and do not usually affect aPTT. The anti-Xa assay is thus required for monitoring with specifi c calibrators. Anti-Xa levels are usually measured 3-5 h after a dose of LMWH, when its concentration in the blood is expected to be at its highest level (peak level). Residual anti-Xa tests may also be carried out when accumulation is suspected (e.g., in renal failure).
Fondaparinux and Danaparoid Monitoring
Fondaparinux is a synthetic direct Xa-inhibitor that does not usually require monitoring. In some cases, anti-Xa measurement may be prescribed when there are concerns that fondaparinux may be accumulating. A fondaparinux standard curve is required for reporting fondaparinux levels when using an anti-Xa assay.
Danaparoid is a heparinoid containing heparan sulfate, dermatan sulfate, and chondroitin sulfate. Its activity should be monitored using an anti-Xa assay with danaparoid calibrators.
Vitamin K Antagonist Treatment
See Sect. 2.3.3 .
Novel Direct Oral Anticoagulants (NOACs)
Direct oral inhibitors of thrombin (dabigatran) or of factor Xa (rivaroxaban, apixaban) cannot be monitored using simple standardized laboratory assays. At pharmacological doses, these drugs may interfere on different ways with aPTT and PT (depending of the reagents), but aPTT and PT are poorly correlated with NOAC blood concentrations. It should be noted that the standard INR refers to VKA treatment and cannot evaluate the effectiveness of NOACs: the therapeutic ranges of INR used to monitor VKA do not apply to NOACs.
Specifi c assays for the measurement of NOAC plasma concentrations are available in specialized laboratories and should be ordered in case of hemorrhagic events or emergent surgeries (Sié et al. 2011 ; Pernod et al. 2013 ).
Standard Tests and Predicting Perioperative Bleeding Risk
The goal of preoperative screening for congenital or acquired hemostatic disorders is to prevent perioperative hemorrhagic complications by using appropriate medical and surgical management. When prescribing hemostatic tests prior to invasive procedures, the objective should be to identify those patients with an increased risk of perioperative bleeding. Unfortunately, the standard tests (PT, aPTT, platelet count) have very low positive predictive values for bleeding risk in the general population (Chee et al. 2008 ; Segal et al. 2005 ) .
The percentage of abnormal test results depends on the indication (systematic testing or clinically indicated), on the reference values, and on the types of patients (Kitchens 2005 ): • In selected patients (hemostasis assessment clinically indicated), the percentage of abnormalities may be up to 40 %. • In patients not selected on the basis of history and clinical examination, standard hemostatic testing revealed 0.5-16.0 % abnormalities. The performance of systematically prescribed standard hemostatic tests in predicting the bleeding risk during surgery or other invasive procedure is very poor since normal results do not preclude the possibility of hemostatic disease or perioperative hemorrhage.
